Compaction and Portland cement addition are amongst promising ground improvement procedures to enhance the mechanical properties of gold tailings. The present investigation intends to compute the impact of Portland cement content and dry density on the properties (durability, stiffness and strength) of compacted gold tailings-cement mixes. Its main significant addition to knowledge is quantifying the accumulated loss of mass (ALM) after wet/dry cycles, shear modulus at small strains and unconfined compressive strength (q u ) as a function of the porosity/cement index. In addition, the existence of an exclusive relation connecting accumulated loss of mass divided by the number of wetting/drying cycles and porosity/cement index is revealed empirically. This broadens the applicability of such index by demonstrating it controls not only mechanical but also endurance performance of compacted gold tailings-Portland cement mixes.
the failure of an iron ore tailings dam, containing 62 million cubic meters of iron ore finegrained tailings (Agurto-Detzel et al. 2016) . This disaster claimed the lives of dozens of people and contaminated the whole Doce river basin (destroying its regional ecosystem for about 500 km of length, until reaching the Atlantic Ocean) (Escobar 2015) . In order to reduce the possibility of similar tragedies in the future, several measures have been studied to deal with the source of such problem. For one side, looking at reducing the liquefaction potential of the tailings already impounded behind tailings dams, taking measures to increase the safety, such as the use of ground improvement techniques to reduce tailings void ratio (Kumar 2001) .
On the other side, studies are focusing on its use as a composition material for the construction of compacted embankments, sub-base of pavements and mining backfill (e.g., Fahey et al. 2009; Consoli et al. 2008 Consoli et al. , 2009 Helinski et al. 2011) . This study falls in the latter group. It aims to examine the mechanical behaviour of tailings to assess its potential for use as a sub-base material for low volume road when combined with Portland cement and compacted properly.
Understanding tailings management techniques is of fundamental interest for engineers and researchers who aim to utilise tailings as a construction material. Several researchers have discussed the features of different management techniques. According to the Ministerial Council on Mineral and Petroleum Resources and the Mineral Councils of Australia, there are nine key principles for effective mine tailings management, including the adoption of a riskbased approach, minimizing tailings production and maximizing tailings reuse, and considering relevant economic, environmental and social aspects (MCPR and MCA 2003) .
That publication includes detailed discussion on implementation and operation of mine tailings, including procedures, monitoring and audit programs. In addition, DTIR (2007) examines other aspects of the life of mine such as planning and design, construction, operation and closure planning. Despite the relevance of the existing studies on tailings management, further development tools such as environmental and social impact assessment are necessary since these aspects are not currently covered by most of the publications (Chryss et al. 2012; Nguyen et al. 2014; McLellan et al. 2009 ). Currently, most mines apply a conventional method that consists of disposing tailings by transporting slurry through pipes into a tailings storage facility (TSF) or a tailings dam (Adiansyah et al. 2015) . Although this method requires a high amount of water and is not eco-friendly, it is widely employed because D r a f t 3 of its cost effectiveness (Adiansyah et al. 2015) . Boger et al. (2012) , Fourie (2012) and Moolman and Vietti (2012) claim that the implementation of new techniques such as thickened tailings (TT) and tailings paste (TP) technologies is capable of reducing future cost of mining rehabilitation and maintenance. Additionally, Boger (2011) affirms that these technologies increase the mine liability and hence the susceptibility to environmental damages.
In order to assess the use of tailings as construction material, strength tests are usually employed as a way to examine the influence of diverse variables on artificially cemented soil behaviour. A logical dose procedure for soil-Portland cement was created by Consoli et al. (2007) taking into consideration the porosity/cement index as a proper parameter to assess strength (q u ) of soil-Portland cement mixes. Yet, so far no research has examined the applicability of the porosity/cement index (η/C iv ) for compacted tailings-cement mixes in terms of loss of mass after dry/wet cycles to check durability, strength (q u ) and shear modulus at small strains. This study targets to determine straight relations between η/C iv and accumulated loss of mass after wetting/drying cycles (durability), shear modulus and q u for compacted gold tailings-cement mixes. Accordingly, key issues for earthwork projects employing compacted gold tailingscement blends that continue without a response are: Are the usual quantities of Portland cement and compaction energy ordinarily employed adequate to produce the requisite durability, stiffness and strength improvements? Are there single relations for the compacted gold tailings-cement mixes relating shear modulus and q u with η/C iv ? Are there relations for the compacted gold tailings-cement mixes connecting accumulated loss of mass with η/C iv after distinct wetting-drying cycles (during durability tests)? What about the existence of an exclusive correlation coupling accumulated loss of mass divided by number of cycles and adjusted porosity/cement index after wetting-drying cycles during durability tests? This research intends at addressing these issues.
BACKGROUND
Durability can be stated as the capability of a material to maintain stability and integrity over large periods of exposure to the detrimental weathering (Dempsey and Thompson 1968) .
This property, as well as strength, is one of the important engineering properties of cemented mixes. Thus studies have been carried out to evaluate the durability of soil-cement mixtures, D r a f t 4 most of them (e.g., Starcher et al. 2016; Jamshidi et al. 2016 ) centered on two ASTM standards: wetting and drying (ASTM 2015) and freezing and thawing (ASTM 2013a). Shihata and Baghdadi (2001) immersed sets of silty sand-cement specimens in saline water for different durations prior to running 12 wetting-drying cycles followed by brushing strokes. The authors found that soils with larger amounts of fines presented higher weight loss values in such tests. They also observed a close relationship between percent mass loss and reduction of unconfined compressive strength after the cycles. Zhang and Tao (2008) performed durability tests in low plastic silty clay stabilized with cement. The authors observed that the mass loss decreased with the increase in cement contents, but increased with the increase of water-cement ratio. Gutschik (1978) , Kelley (1988) and Cuisinier et al. (2012) showed qualitatively that the efficiency of lime treatment could be damaged by the alternation of wet/dry cycles in the long term. Such behaviour was also observed by Cuisinier et al. (2014) . The latter authors also observed significant irreversible shrinkage strains at the end of the first cycle for lime treated clays. A dramatic decrease in yield stress brought by a loss of the lime cementation bonding was also evidenced after the first cycle. Theivakularatnam and Gnanendran (2015) observed that the accelerated reaction of binders due to increasing temperature masked the detrimental effect of the wet-dry cycles. Avirneni et al. (2016) assessed the durability of reclaimed asphalt pavements (RAP) mixed with fly ash and sodium hydroxide (NaOH). It was observed that for high RAP and low NaOH contents (for the same fly ash amounts) the weight loss is high. Jamshidi et al. (2016) investigated the performance and structural changes in cementtreated soils under influence of freeze/thaw exposure.
Additionally, the use of tailings as construction material has been assessed by several researchers, especially as partial substitute of cement. Onuaguluchi and Eren (2012) employed copper tailings as a cement replacement material in cement pastes, mortars and concretes.
These studies showed that the incorporation of tailings at 0% to 15% cement substitution levels (by mass) maintained both compressive and tensile strengths at similar levels respect to those of the control specimens. Concerning the durability of these materials, the loss of mass was shown to slightly reduce with the incorporation of copper tailings. Thomas et al. (2013) also analysed strength and durability of copper tailing concrete. However, these researchers employed this solid waste material as a substitute to natural sand. An increase in the compressive strength (90 day strength) with respect to the regular concrete was observed till 40% substitution when the water-cement ratio was 0.4. The durability risk rating of copper D r a f t 5 tailing concrete, assessed through water and air permeability, was shown to be medium, comparable to normal concrete. Taha et al. (2016) produced eco-friendly fired bricks using coal mine wastes. The addition of coal mine waste increased flexural strength and decreased
water absorption and open porosity of fire bricks. Moreover, it was shown that the manufacturing process of coal mine bricks reduced the amount of greenhouse gas (GHG) emissions by more than 70% in comparison to normal fired bricks. Similar research conducted by Ahmari and Zhang (2012) showed that copper tailing bricks produced with a geopolymerization technique satisfy the physical and mechanical properties for their use in constructions. Concerning the use of tailings in actual field conditions, Argane et al. (2014) presented a case study in Moroccan constructions, where low sulfide tailings (LST) were mixed to rendering mortars. The authors showed that the leaching of metals was significantly lowered after incorporation of LST in renders. On the other hand, the addition of LST to renders lowered their resistance to wetting-drying cycles.
Despite all the previous work on the durability of several materials, additional research concerning such aspect of tailings-cement blends is yet to be developed. A few authors have analyzed other characteristics of compacted gold tailings-Portland cement mixes. Mitchell and Wong (1982) carried out unconfined compressive strength tests of various cemented tailings and observed that unconfined strengths increase with increased cement content, decreased porosity and decreased curing humidity. The authors also proposed a relation between UCS and the failure envelope defined by cohesion intercept (c) and friction angle (ϕ). Additionally, Fall et al. (2008) performed an extensive set of tests on cemented paste backfill (CPB) in order to assess the main aspects controlling its behaviour. It was found that tailings grain size and density, as well as water-cement ratio were the main factors controlling CPB properties.
EXPERIMENTAL PROGRAM
The materials and methods used in the present research are discussed below.
Materials
The gold tailings physical properties are displayed in Table 1 . The gold tailings utilized in the testing were taken from a tailings disposal site situated in northern Brazil, being classified (ASTM 2006) as silt with sand (ML). Gold tailings mineralogical characterization, D r a f t 6 using a X-ray diffractometer, detected the presence of seven compounds ( Fig. 1 Regarding the chemical composition of the studied gold tailings, the following elements were found: silicon (Si), iron (Fe), manganese (Mn), sulfur (S) and arsenic (As), amongst others.
High early strength (Type III) Portland cement (ASTM 2016) was used throughout this investigation. Its rapid strength gain permitted selecting seven days as the curing period.
Cement grains' specific gravity is 3.15.
Distilled water was employed both for characterization tests and moulding specimens for the mechanical tests.
Methods

Moulding and Curing of Specimens
For strength (unconfined compression) tests, cylindrical specimens 50 mm diameter and 100 mm in length were employed. For durability (wetting and drying) and stiffness (ultrasonic pulse velocity) tests, cylindrical specimens 100 mm diameter and 127.3 mm from top to bottom were utilized. A target dry density for a particular specimen was then instituted as a result of the dry compacted gold tailings-Portland cement mix divided by the total volume of the specimen (ASTM 2009). As exhibited in Eq. (1) (Consoli et al. 2011) , porosity (η) is a function of dry density (γ d ) of the mix and Portland cement content (C). Each substance (gold tailings and Portland cement) has a unit weight of solids (γs GT and γs C ), which also must be measured for computing porosity. Once the gold tailings and Portland cement were weighed, they were blended until the mix attained visual uniformity. Moisture content of 17% (optimum moisture content for standard Proctor compaction effort -see Table 1 ) for the gold tailings-Portland cement blends D r a f t was then supplemented, and mixing was resumed until a paste, homogeneous in appearance, was produced. The quantity of Portland cement for each blend was determined based on the mass of dry gold tailings. Hence the mixture proportions (cement: tailings) are: 1:33.3 (specimens with 3% C); 1:20.0 (specimens with 5% C) and 1:14.3 (specimens with 7% C).
Specimens were statically compacted in 3 stratums in the interior of a cylindrical mould.
Subsequently to moulding, specimens were removed from the moulds and their weights, diameters and heights measured with precisions of nearly 0.01 g and 0.1 mm, correspondingly. The specimens were cured in a humid room at 23º±2ºC and relative moisture of about 95% (ASTM 2013b).
Unconfined Compression Tests
Compression tests followed standard ASTM C 39 (ASTM 2010). Before testing, specimens were put underwater for 24 h to reduce suction (Consoli et al. 2011 were performed on the same specimens moulded for pulse velocity tests.
RESULTS
Influence of the Porosity/Cement Index on q u
Figure 2 portrays q u as a function of η/(C iv ) 0.28 [stated as porosity (η) divided by the volumetric cement content (C iv ), the latter expressed as a percentage of cement volume to the total volume of the gold tailings-Portland cement mixes (Consoli et al. 2007 (Consoli et al. , 2016 for the curing period studied (7 days). The capability of the adjusted porosity/cement index to normalize strength of cement treated soils has been shown by Consoli et al. (2007 Consoli et al. ( , 2016 . They have shown that rates of change of strength with porosity (η) and the inverse of the volumetric cement content (1/C iv ) are as a rule not the same. Thus, the application of a power (as a rule 0.28 - Consoli et al. 2016 ) to C iv is required for the rates of η and 1/C iv to be compatible. So, it can be demonstrated, for the first time ever, that the porosity/cement index is also a predictor of the durability of compacted gold tailings-Portland cement blends. In the end of wet-dry durability cycles 3, 6, 9 and 12 cycles the shear modulus of artificially cemented fine-grained gold tailings at tiny deformations was also measured through ultrasonic pulse velocity tests. Fig. 8 presents shear modulus (G max ) variation according to wet-dry cycle during durability tests for gold tailings-Portland cement blends considering distinct dry unit weight (15, 16 and 17 kN/m 3 ) and cement content (3, 5 and 7%).
Similarly to loss of mass after each studied cycle, it is possible to observe in Fig. 8 that the shear modulus of each specific specimen increases with an increase in the of cement content and with an increase in dry unit weight. Another fact that points out similar trends between loss of mass and shear modulus is that specimens with γ d =15 kN/m 3 and C=5% show a similar behaviour respect to those specimens with γ d =17 kN/m 3 and C=3% regarding loss of mass versus number of cycles (Fig. 4) and G max versus number of cycles (Fig. 8) . Such similar 
These relations may enable researchers to reduce time in assessing durability of such blends, as wetting-drying durability tests (ASTM 2015) require at least 24 days to be concluded after curing.
CONCLUDING REMARKS
From the studies described in this document the succeeding conclusions can be drawn:
• after distinct wet-dry cycles is presented for the first time;
• Linear relationships between stiffness (G max ) and loss of mass (LM) were presented. Specimens with similar porosity/cement ratios showed similar trends in both G max and LM. A power relationship was shown between accumulated loss of mass (ALM) and unconfined compressive strength (q u ). This enables researchers and engineers to assess durability using distinct methods and tests;
• The porosity/cement index is correlated to strength, stiffness and endurance of the compacted gold tailings-Portland cement blends. So, according to the strength, stiffness and durability requirements, the earthwork designer can establish the adjusted porosity/cement index that fulfills the design needs.
Lastly, distinct dry unit weights and Portland cement amounts can fulfill the project requirements.
• The potential encapsulation produced by the cement contents and/or the dry densities on the examined blends should be assessed in further studies, porosity/cement index after 3, 6, 9 and 12 wet-dry cycles (during durability tests).
FIGURE 7:
Gold tailings-Portland cement blends accumulated loss of mass versus adjusted porosity/cement index after wet-dry cycles during durability tests. 
